In this paper, the optical properties of the silicon nano-cone-hole (NCH) structure array are studied. The ultimate efficiency of the optimized NCH array is enhanced by 23.11% compared to an optimized nanohole array of the same thickness. The absorptance enhancement of the NCH arrays is attributed to its lowered reflectance, more supported resonant modes, and enhanced mode interaction. The angular dependence of ultimate efficiency is also investigated.
The silicon solar cell is presently dominating the solar cell market, owing to its abundant supply, nearly ideal band gap, and mature fabrication process. Most commercial silicon solar cells are made from bulk silicon with the thickness of a few hundred micrometers, i.e., a large amount of silicon is consumed, leading to a higher cost for the final product [1] . The thin film silicon solar cell with thicknesses in the range of a few micrometers is a promising way to reduce costs. However, weak absorption, especially in the long wavelength side near the bandgap edge of the silicon, remains a challenge. To address this problem, light trapping techniques, including randomly textured structures [2, 3] , periodic gratings [4] , photonic crystals [5] [6] [7] , and plasmonic structures [1, 8, 9] , have recently been developed.
Instead of texturing the front and back surface of the solar cells, it is possible to texture the active layer into nanostructured arrays such as with nanowire (NW) [10] [11] [12] [13] [14] nanocone (NC) [13] , and nanohole (NH) [15] arrays. Theoretical studies [16] [17] [18] [19] [20] show that there is a large enhancement of the optical absorption due to efficient antireflection of the incident light and effective optical coupling between nanoarrays and the incident light. It is further demonstrated that NH arrays [19] exhibit stronger optical absorption compared to NW arrays [17, 18] with the same filling ratio and thickness. In this Letter, to further increase the optical absorption, we proposed and numerically demonstrated a new nanostructured architecture of nano-cone-hole (NCH) array that enables significantly enhanced absorption, surpassing those of the previously reported arrays.
Figure 1(a) shows the schematic of the proposed NCH array. It can be seen that the NCH array is arranged in a square lattice in the x-y plane and surrounded by air. Sunlight is directly incident on top of the structure along the z direction. The two-dimensional (2D) side and top views are shown in Figs. 1(b) and 1(c), respectively. Considering the fabrication tolerance, the tip of the NCH is not exactly at the bottom surface; instead, a small hole with radius of 20 nm is left on the bottom surface [ Fig. 1(b) ]. The lattice constant (period) of the square lattice is indicated as a. The radius of the air hole at the top surface is r, and the thickness is h. The air filling ratio (f MAX ) is defined as the ratio of the top-surface air hole area to the unit cell surface area, given by f MAX ¼ πr 2 =a 2 . Here the NH array has the same lattice constant a as NCH array and the air filling ratio f of the NH array is defined as in [19] . In our analysis, the thickness h of the NCH and NH arrays is fixed at 2:33 μm, the same as in [17, 19] , for easy comparison. The silicon dielectric function used is taken from [21] . The finite-difference time-domain (FDTD) method was employed for all simulations using Lumerical FDTD Solutions, a commercial FDTD software package. Periodic boundary conditions were adopted in the x and y directions, and a perfectly matched layer boundary condition was used in the z direction. The reflectance (R) and transmittance (T) were calculated first, and the absorptance (A) was determined by
In Fig. 2 , the absorptance and reflectance of the optimized NCH and NH arrays are presented. The absorptance nonpatterned thin film with an optimized antireflective (AR) coating is also presented for reference. From Fig. 2(a) , the absorptance of the NCH array is significantly enhanced across the whole wavelength range investigated, except for a narrow range around 0:8 μm. This implies that the NCH array exhibits a better light trapping property compared to the NH array. In addition to the enhancement of absorptance in the short wavelength range, it is worth noting that the absorptance curve of the NCH array shows a large redshift towards the long wavelength, which means that the inefficient absorption in the long wavelength range (>0:8 μm) suffered by thin film solar cells has been alleviated greatly. In the long wavelength range, each peak in the absorptance spectra corresponds to a quasiguided resonant mode [7] , and these modes supported by nanostructures help to enhance absorption [7, 18, 19] . From Fig. 2(a) , both the NCH and NH arrays support resonant modes that result in stronger absorptance compared to nonpatterned thin film layers. The NCH array supports more modes compared to the NH array. For the sake of easy visualization, the inset in Fig. 2(a) shows the magnified absorptance spectra of the NCH and NH arrays in the wavelength range from 0.90 to 0:95 μm (indicated by the purple dashed curve). It is clear that more modes (peaks) are supported by the NCH array compared to the NH array, contributing to the further enhancement of the absorptance in the case of the NCH arrays. Besides, the overall absorptance of NCH arrays is also improved compared to the NH arrays, which resulted mainly from a stronger coupling between the incoming light and the supported modes in the NCH structure. The reflectance spectra of the NCH and NH arrays are compared in Fig. 2(b) . Thanks to the better gradual changing of the effective refractive index of the NCH arrays [22] , it is clear that the reflectance of the NCH array is much lower than that of the NH array in the whole wavelength range, especially for short wavelengths.
Assuming that each photon absorbed by the active layer can generate an electron-hole pair, the ultimate efficiency, η, can be written as [23] η ¼
where IðλÞ is the solar intensity of the Air Mass 1.5 (AM1.5) direct normal and circumsolar spectrum [24] , AðλÞ is the absorptance, λ is the wavelength, and λ g is the wavelength corresponding to the bandgap. The efficiency of the NCH array (NH array) is calculated for various a and f MAX ðf Þ, while keeping h ¼ 2:33 μm for easy comparison. The ultimate efficiency of the NCH array is shown in Fig. 3(a) . For comparison, instead of using the data of [19] directly, we optimized the efficiency of the NH arrays using the FDTD method [ Fig. 3(b) ]. Our results are very close to those reported in [19] . In Fig. 3(a) , we observe that a larger f MAX promises a higher efficiency, regardless of the lattice constant for all NCH arrays. With the increased f MAX , the change of the effective refractive index across the thickness of the NCH arrays in the z direction is more gradual, which results in a better antireflection characteristic, further enhancing the absorption. This can be verified by the absorptance and reflectance spectra for different f MAX with a ¼ 800 nm in Figs. 4(a) and 4(b) . With the larger f MAX , the absorptance is higher and the reflectance is lower. The influence is more pronounced in the short wavelength range. For all f MAX , the transmittance (which is not shown here) is close to zero in the short wavelength range, which additionally verifies that the antireflection characteristic is more effective in this range. The efficiency increases with the increasing of the lattice constant up to a ¼ 800 nm, after which the efficiency begins to drop with the further increase of a. More modes are supported for a larger a [18, 19] , and simultaneously, the reflectance in the short wavelength range increases [20] . The absorptance and reflectance spectra of different a with f MAX ¼ 0:7 are depicted in Figs. 4(c) and 4(d), respectively. With the increased a, the absorptance decreases in the short wavelength range and then increases in the long wavelength range. The resonant modes are mainly contributing to the absorption in the long wavelength range, and the antireflection property dominates in the short wavelength range. There is a trade-off between these two, especially for a larger lattice constant. When a is smaller than 800 nm, more supported modes help to bring up the efficiency. When a is larger than 800 nm, the mode enhancement will be suppressed by the energy loss in the short wavelength range resulting from an increased reflection. The optimized ultimate efficiency is achieved at 32.65% when a ¼ 800 nm and f MAX ¼ 0:7 [ Fig. 3(a) ]. It is worth noticing that for wavelengths ranging from 600 to 800 nm, the absorptance and reflectance exhibit a nonmonotonic dependence on the lattice constant. For a ¼ 600 nm, a better AR performance can be obtained in this wavelength range, but not the ultimate efficiency, which is larger for a ¼ 800 nm. This is mainly caused by the contribution in the long wavelength range. The optimized ultimate efficiency of the NH arrays is shown in Fig. 3(b) . The relationship between the ultimate efficiency and the design parameters a and f for the NH has been clearly explained [19] . The highest efficiency is 26.52% with a ¼ 600 nm and f ¼ 0:5 for the NH array (indicated by the black arrows) in Fig. 3(a) . Compared to NH arrays, the ultimate efficiency of the NCH arrays is enhanced by 23.11%, surpassing the feasible enhancement using the NH structure.
For the thin film structure, the efficiency can be significantly improved by an AR coating. For example, with an optimized 70 nm Si 3 N 4 , the ultimate efficiency of the AR thin film solar cell is increased to 21.21%, which has been enhanced by 36.84% compared to that of the thin film without the AR coating (15.50%). Here, we also investigate the influence of the AR coating for the optimized NCH and NH arrays. The dielectric function of Si 3 N 4 is taken from [5] . The efficiency of the NCH and NH arrays is increased to 34.23% and 28.83%, respectively, with optimized AR coating thicknesses of 73 and 63 nm, respectively. The efficiency of the NCH array is enhanced by 18.73% compared to the NH array, which is still significant. The AR coating mainly contributes to the improvement of absorptance in the short wavelength range. The modes supported by the NCH and NH arrays are not influenced by the AR coating.
In Figs. 5(a) and 5(b), we show the angular dependence of the ultimate efficiency for the optimized NCH and NH arrays, respectively. For both the NCH and NH arrays, TM polarization has higher ultimate efficiency than TE polarization. For the incident angles up to 60°t hat we simulated, the NCH array always showed better efficiency than the NH array.
In conclusion, we presented a new NCH array structure with the highest ultimate efficiency of 32.65%, which is much larger than that can be obtained by the NH array. The optical properties of the NCH array are analyzed in detail. Lower surface reflectance, more supported resonant modes, and enhanced modes interaction are the main reasons for the significantly enhanced absorption of the NCH array. The NCH array has better ultimate efficiency than the NH array, even for large incident angles up to 60°.
